Taking the Muon for a Spin
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@ Spin and the Muon Anomalous Magnetic Moment
@ Measuring ay with Polarized Muons
@ The BNL Result and Goals for Fermilab Muon g-2

@ Last Summer and This Summer’s Big Move



@ With spin comes a magnetic dipole moment (MDM) of strength:

S 2m >
The Quantum Theory of the Electron.
@ DlraC Showed that g = 2 for the eleCtron as Observed' By P. A. M. Dirac, St. John's College, Cambridge.

The 1930°s and 40’s saw several breakthrough measurements of the g-

factor that lead to a new understanding of particles and substructure.

Precision Measurement of the Ratio of the
Atomic ‘g Values’ in the *P;; and
*P,,. States of Gallium*

P. Kusca anp H. M. FoLEY
Columbia University, New York, New York
November 3, 1947

Phys. Rev. 72 (1947)

gp ~ 5.6, gn ~ —3.8 ge = 2.00229(8) ~ 2(1 4+ «/2m)

— nucleon substructure — QM corrections

Thomas Gadfort “Taking The Muon For a Spin”, 2014 Users Meeting



@ With spin comes a magnetic dipole moment (MDM) of strength:

ﬁ:gig
2m >

@ Dirac showed that g = 2 for the electron as observed.

The Quantum Theory of the Electron.

By P. A. M. Dirac, St. John's College, Cambridge.

The 1930°s and 40’s saw several breakthrough measurements of the g-

factor that lead to a new understanding of particles and substructure.

Q
Je = 2(1 + 9 ) ~ 2.00232 Precision Measurement of the Ratio of the

Atomic ‘g Values’ in the *P;; and
2P, States of Gallium*

P. Kusca anp H. M. FoLEY
Columbia University, New York, New York
November 3, 1947

. 1 ge = 2.00229(8) ~ 2(1 + a/27)

D. Hanneke, S. Fogwell, and G. Gabriclse 96/2 — 1.001 159 652 180 73(28) - QM corrections

PRL 100, 120801 (2008)
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Understanding The Muon

There 1s a rich hlStOI‘y of muon g-faCtOl‘ Observations of the Failure of Conservation

. . ’ : of Parity and Charge Conjugation in
measurements starting in the 1950’s at Newvzs. Mesod Decava the Magnotlc

Moment of the Free Muon*

—_— 2 1 O W Ricnarp L. Garwin,t Leox M. LEDERMAN,
g,Ll' O AND Makrcer WEINRICH

Physics Department, Nevis Cyclotron Laboratories,
Colwmbia University, Irvinglon-on-Hudson,

@ Evidence that the muon is a fundamental particle. New Vork, New York

{Received January 15, 1957)

Phys. Rev. 105, 1415-1417 (1957)

The past 50 years have seen dramatic

improvements in precision and experimental techniques.
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Muon 1njection greatly improved statistics.

Continuously wound superconducting (SC)
main magnet coils + tunable shimming kit
— Reduced multipole field terms.

__Superconducting coil winding
- © | W i

— — G N e i o insulation
TR - ' -

dipole correction coil

g-2 Magnet in Cross Section

p=7112 mm
—.
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Muon 1njection greatly improved statistics.

Continuously wound superconducting (SC)

main magnet coils + tunable shimming kit
— Reduced multipole field terms.

@ Dramatic improvement 1n field uniformity
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In a dipole magnetic held:

Muon momentum revolution frequency, wc

-
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Source of
Polarized Muons

Measure Muon Spin [

Weak decay correlates Highest energy positrons when spin
muon spin and electron momentum and momentum are aligned.
Y
T Ve
€
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Source of

Polarized Muons

Weak decay correlates Highest energy positrons when spin
muon spin and electron momentum and momentum are aligned.
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Source of

Polarized Muons

Weak decay correlates
muon spin and electron momentum

Count N(e) above
fixed threshold.

Oscillation rate « a,

|

Highest energy positrons when spin
and momentum are aligned.

»

\

Eelectron
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Counts per 150 ns

E821 data ® Data

N(t) = Noe_’v% 1+ Acos(wut + ¢)]
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E821 data ® Data

Counts per 150 ns
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E821 data ¢ Data
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E821 data ¢ Data
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Standard Model calculation is incomplete/wrong?

Calculated out to 5 loops!

Contribution  a, Result x10~" F°°q F"Q P Q F"@ F@

/®\ /@\ /@\ /@\ /®\
QED 116 584 718.09 £ 0.15

HVP(LO) 6 949 + 43 = ,0\ /\ /\ A
HVP(NLO) 98 £ 1
LbL 105 + 26 % g % g@ﬁi
SM 116 591 802 & 49 T

EXP"SI\I 287 2 80(330) ;eﬁﬁatﬂogwso?k wa, T. Kinoshita, M. fio Phys
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Standard Model calculation is incomplete/wrong?
_ _QED EW Had
a, = a, -~ +la,  |ta,

2 loop calculation + known Higgs mass correction

— ~11
Contribution  a, Result x10 {L 774

H
QED 116 584 718.09 = 0.15 o L.
HVP(LO) 6 949 4 43
HVP(NLO) —98 = 1 y
LbL 105 = 26
SM 116 591 802 £ 49 f
Exp-SM 287 £ 80(3.30) H X %7’ 7
T Th
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Standard Model calculation is incomplete/wrong?
QED —|—CLEW +aHad

Ay = a; ” |

X

Dominant source of uncertainty

1
Contribution  a, Result x10~"
QED 116 584 718.09 % 0.15 o
; V\ O3 T+ | X
HVP(LO) 6 949 + 43 l

HVP(NLO) 98 + 1

LbL 100 1= 26

SM 116 591 802 + 49 k|
Exp-SM 287 £ 80(3.30)
R/

Coming Soon: Constrain HVP with low energy e*e” » n*sv data,

LbL needs first principles LatticeQCD.
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New Physics?

Standard Model calculation 1s fine. We are just seeing new p!

__ _QED EW Had NP
a, = a,; +aM —I—au +aM

YSICS.

udice, Paradisi, Strumia '12
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New Physics?

Standard Model calculation is fine. We are just seeing new physics.
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A precise g-2 measurement i1s complimentary to Higgs measurements and a

future LHC discovery.
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Goal: Resolve E821 30

measurement with >5c sensitivity

0a, = 0.04 — 0.14 ppm

Increased Statistics: Fermilab will
provide us with >20x more muons.

Ostat = 0.4 — 0.1 ppm

New segmented calorimeters, straw wire tracker,
Fast muon kicker (and more).

oy, = 0.18 = 0.07 ppm

Long shimming period, magnet temperature
stability, more in-situ calibrations (and more).

oy = 0.17 — 0.07 ppm

DHMZ e
180.2:4.9

HLMNT ——
182.845.0

BNL-EB821 04 ave.
208.946.3

New (g-2) exp. o
208.911.6

1L 11’ lLL '1111 deded lllik JlJLLiJ‘l '1]

140 150 160 170 180 190 200 210 220 230
a,-11 659 000 (10™)

Thomas Gadfort “Taking The Muon For a Spin”, 2014 Users Meeting 10



Goal: Resolve E821 3¢ omz ot

measurement with >5c sensitivity o

182.8:5.0

0a, = 0.04 — 0.14 ppm

Increased Statistics: Fermilab will
) . BNL-E821 04 ave.
provide us with(>20x more muons. 208.9:6.3

New (g-2) exp. o
208.911.6

Ostat = 0.4 — 0.1 ppm

lL 11’ ll‘ 'lllL deded ilJLL 1111114‘L ‘1]
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New segmented calorimeters, (straw wire tracker,
Fast muon kicker (and more).

oy, = 0.18 = 0.07 ppm

Long shimming period, magnet temperature
stability, more in-situ calibrations (and more).

oy = 0.17 — 0.07 ppm
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Fermilab will produce pions using 8.9 GeV protons

impacting the former antiproton production target

@ Pions decay along long path = Pure muon beam.
(E821 had large pion contamination).
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New Calorimetry

Segmented Calorimeters and S1iPMs

@ We will use a 9x6 array of PbFs crystals
with SiPM for light readout.

Segmentation reduces pileup
(two positrons in same time window).
Laser calibration system and lower energy thresholds

(

’ Opileup = 80(Es21) — 40 ppb
SILLAC TeS’t Beam, Ogoain — 120(E821) — 20 ppb
Nov 'l3
-
> 4”
20 48k
5 3%
c 3
w
o 2.5:-
o 1 T
a 1.5} -
& 1
> 0.5
% 085 1 15 2 25 3 35 4
Beam Energy
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Straw tracking detectors will measure
muon decay vertex and momentum.

@ Monitor beam profile fill-by-fill

(required for (B) and w, measurements)
@ Measure pile-up <> calorimeter hits
- 0(B) = 30(E821) — 10 pqu
Obeam = 90(gg21) — 30 pp

X 10°

# Straw Hits

1000 V layer

-

FNAL Test Beam,
Jan/Apr '14

S00¢

0 10 20 30
Straw Channel #

“Taking The Muon For a Spin”, 2014 Users Meeting

13

Thomas Gadfort



m

h A - - ! - .__‘.s“ .
Iy “_i - Mlchlga_‘n }%}2“‘0 - ( k *Newl 4
R ; o ‘ :
. ' /| Ham shlre
\ Mnlwaukee- \ D o S il P 3 New York \é B __p.(*
etroit, =
\Femlﬁg o be” // --\__M ) “IMassachusetts
G y B e g by PRS-ty oy
B | .T"'? s & D contectenth LSS
14/- 3 3
‘ ,g‘ - --\". '
‘XSS aatdh \. £l / vl ! Pennsylvanla ,N‘?Wél’ o BN L
——T : % o o |. 0h|0 | i\u_ i Ve
) oistd Indlana ! [ T Phlladelphla },
o PRl o --Columbu A M I: d{f" ew Jersey
&) | — |\ _,. .
S , ‘Indlanapolls«' -/ £ L /T:&. arylan \
2R (A 7 N ?‘-\ rJ ‘West' 17 f_\;f Del' .
T r ' "‘"\_r Virginia s/ f o ~ 4
ouri St s '—---<i “,{n _.*__ 4 : 7 VIR
il v \ ", Al 4 y A -
y 2 rict of
Kentucky /’\h A V"g'“'a $ lumbia
f - g o .
(s il N y
_--—-_-I noL T \'\—.‘J——————?-—/ —_;\.J —._:-_ _______ _.7___
‘g - e B e (O 'North '
PERELERS ¢ 7 cnnessee BB v .
N L S, R /Carollna %
nsas ot '__. i i o) ,...’...L_..._,' ”;"‘- VRN
Ve | e r\ A Charlotte\ \\ ,
,.\". | e ‘\A'tlanta \ SSouth® E8
QM:ssnssu AT \\ /“ A5 \ Carolma (
= — / A "\ \\ ,' 2 A
"g‘ i \Iabama N Géorgla L/ » : |
.' / ’( y "v
; . > \ \ ‘
: e ‘| - " \ 4
. , ————— U e ————
Bing) VAL ' ' :\------Jackson
yuisiana )-... -
-'.“ “"L
Y- Orlan
) 4 ..
Tampa s EFlorid.
4
\».\
‘4"1
UM
Gulf of .
Mexico N
»




... To Fermilab

— § [
OVERSIZE LOAN/,
‘ ki S Eew : X —




i i T 2% T " -
AT LR 'h'jaﬁ’ ‘ L
;4-,_. _.- i L _".'r. - 1 L P .
= g;-.”‘ > - —/.-.’b-—‘v' ,'/" =1 t—d_; H F
; B/ .

i 2o - S
—_— 1 :{—' .




Summary

Fermilab muon g-2 will measure the muon gt ’_H M
anomalous magnet moment to sub-ppm level. R
HLMNT -
@ .50 sensitivity to new physics! MLAS
CD-1 approval. CD-2/3 review this July.
Magnet shimming and detector oNL£821 04 ave. L. |

commissioning 1n 20156/2016. @mm )

@ Hopefully, stored muons in 2017.

Ll'LlliLLlJl'l'llll]l'l'l;lLll llllll |

140 150 160 170 180 190 200 210
a,-11 659 000 (10™)

”»

E 52

: 'g < Luckily, we've
=@ got plenty to

= § keep us busy
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Back Ups



Fast Muon Kicker

Fast muon injection kicker

@ Produce a fast (<150 ns) =11 mrad kick.

to place muons on central orbit.

@ Must turn OFF before 2nd orbit begins

Thomas Gadfort
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Fast Muon Kicker

Inflector

Fast muon injection kicker

@ Produce a fast (<150 ns) =11 mrad kick.

to place muons on central orbit. Central Orbit

@ Must turn OFF before 2nd orbit begins Kickers :

cyclotron period

—llllllllllllllllllllllllllll llllllll lllllllllll
-200 -100 0 100 200 300 400 500 600 700

Time [ns]
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Fast Muon Kicker

Inflector

Fast muon injection kicker

@ Produce a fast (<150 ns) =11 mrad kick.

to place muons on central orbit. Central Orbit

@ Must turn OFF before 2nd orbit begins Kickers :

@ ES821 dramatically

. cyclotron period
underklcked muons

—> lost muons and

large betatron oscillations

1
200  -100 0 100 200 300 400 500 600 700
Time [ns]
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Fast Muon Kicker

Inflector

Fast muon injection kicker

@ Produce a fast (<150 ns) =11 mrad kick.

to place muons on central orbit. Central Orbit

@ Must turn OFF before 2nd orbit begins | Kickers :

@ FE821 dramatically :

. cyclotron period
underklcked muons

—> lost muons and

large betatron oscillations

@ kicker uses a

fast blumlien pulser

1 11 11 1 1 l 11 1 1 l
-200 -100 0 100 200 300 400 500 600 700

Time [ns]
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Fast Muon Kicker

Inflector

Fast muon injection kicker

@ Produce a fast (<150 ns) =11 mrad kick.

to place muons on central orbit. Central Orbit ‘
@ Must turn OFF before 2nd orbit begins Kickers s
Q@ E821 dramatically _

. cyclotron period /
underklcked muons ;

—> lost muons and
large betatron oscillations

0.6 I
@ kicker uses a [

fast blumlien pulser os |

0.2

@ Curved kicker plates _
allow for higher fields

s A AV
vy v W e e R

1 11 1 1 l 11 1 1 l . -
-200 -100 0 100 200 300 400 500 600 700

Time [ns]
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Field Goals

ategory 821 | Main E989 Improvement Plans 0a
[ppb] [ppb]

Absolute field calibra-| 50 |Special 1.45 T calibration magnet with thermal en-| 35

tion closure; more calibration probes; better electronics

Trolley probe calibra-| 90 |3-axis motion of plunging probe; better position ac-| 30

tions curacy of probe active volumes; more frequent calib,
better shimming

Trolley measurements| 50 |Reduced/measured rail irregularities; reduced posi-| 30

of By tion uncertainty by factor of 2; stabilized magnet
field during measurements; smaller field gradients

Fixed probe interpola-| 70 | More frequent trolley runs; more fixed probes; bet-| 30

tion ter temperature stability of the magnet

Muon distribution 30 | Move trolley probes to larger radii; improved field| 10
uniformity; improved muon tracking

Time-dependent exter-| — | Direct measurement of external fields; simulations| 5

nal magnetic fields of impact; active feedback

Others T 100 |Improved trolley power supply; reduced tempera-| 30
ture effects on trolley; measure/reduce kicker field
transients

Total syst. unc. on w, | 170 70

Thomas Gadfort
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g Does Not Equal 2

The 1930’s saw two unanticipated results for the
g-factor of the proton (g, = 5.6) and the neutron (g, = -3.8).

@ Strongly suggests nucleon substructure.

In the late 1940’s another breakthrough measurement
was made at Columbia by Kusch and Foley.

Precision Measurement of the Ratio of the
Atomic ‘g Values’ in the Py and > — ( )
2P, States of Gallium* g e 2 . OO 2 2 9 8
P. Kuscu axp H. M. FoLEYy

Columbia Universily, New York, New York
November 3, 1947

Phys. Rev. 72 (1947)

Swinger showed this result to be consistent with QM + 1 loop correction.

ge = 2(1 + —) ~ 2.00232
2T

D. Hanneke, S. Fogwell, and G. Gabrielse
PRL 100, 120801 (2008)

ge/2 = 1.001 159 652 180 73(28)

o+ Y o+
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Improvements with E821

Muon Injection e

@ Previous experiments inject pions into storage ring.
Only fraction of pion decays create “storable” muons. / Central Orbit
" Injected Muons
@ Direct muon injection also greatly reduces hadronic . |
flash background on detectors. Kickers: ,f

@ Requires fast kicker to place muons onto stable orbit.

@ Novel double cosine theta septum
magnet creates field free region
for injected muons.

©

Avoids 1arge gap In main magnet.

©

Key design feature: traps its own

fringe field using a SC shield.

channel
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Spin and Its Observable Eftects

In the Standard Model (SM), the muon is a  THREE GENERATIONS OF MATTER

Il Il cHarce
point-like particle with precisely measured properties.

2.75| a2 12001 IREECED) <2/ IEIES)
LAl
CHARM O= =
= ;-’ ol 9 'I 504
\ 2R »
e

o

The muon 1s a spin ¥ particle and with spin comes

a magnetic dipole moment (MDM).

— q-»

J— —_— S \5._1&?.{) M_m\(‘) _
'u g 2m ALL MASSES N ey The Standard Mode!

ANIMAL MASSES

mircit e fundamental particle zoo

FORCE CARRIERS: BOSONS

MATTER CONSTITUENT

@ Dirac explained in 1928 that g = 2 for the electron.

>
Dirac also postulated the existence of an
electric dipole moment (EDM) of strength.
— q The Quantum Theory of the Electron.
.
- 77 2 me S By P. A. M. Dirac, St. John's College, Cambridge.

The EDM of the electron, if present, 1s many de| < 8.7x 107 ¢ - em

orders of magnitude weaker than the MIDM. ACME Electron EDM (arXiv:1310.7534)
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1. Source of Polarized Muons

(le,S-p~1)

2. Magic Momentum Muons
(1.e., ¥ =29.3 = p = 3.094 GeV/c)

Vertical focusing w/ E field adds new

term to oscillation frequency
0\
q = 1 E x E
T m a“B_< 72—1> c

alu/_
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1. Source of Polarized Muons

(le,S-p~1)

5. Measure

2. Magic Momentum Muons Electron Energy

(1.e., ¥ =29.3 = p = 3.094 GeV/c)

Another lucky break
Vertical focusing w/ E field adds new from parity violation
term to oscillation frequency - S,
% L
0 £ A -
_ \ — — ] - \—/ p e
} g | = 1\ B x W
m v —1 c Electron spin

follows muon spin
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3. Measure

Electron Energy

=
spin Harder electron spectrum when
—_—
momentum spin and momentum are aligned

actual precession x 2

(From Lawrence Gibbons)

Eelectrq.n
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3. Measure

Electron Energy

=
spin Harder electron spectrum when
—_—
momentum spin and momentum are aligned

actual precession x 2

Count N(e) above
fixed threshold.

(From Lawrence Gibbons)

Oscillation rate « a,

Eelectrq.n
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New Detector Elements

Straw Tracking System ,

@ Two straw wire tracking chambers will record
positrons before hitting the calorimeters.

\l
Ol‘bit " \->.\>\ \

\ '¢ ".\}‘\'\ \
Allows non-destructive beam R &<\ PbF,
profile measurements ) P ¢\'\ T Calo
o
@ Reconstruct muon decay vertex. ,:' T—I— Straws
L o AL
@ Assist in pileup determination. ';i
4
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New Detector Elements

Straw Tracking System '¢'
¢
@ Two straw wire tracking chambers will record M+ Centl.'al o A4 \\'
. < . Orbit ,’ %"
positrons before hlttmg the calorimeters. N PR \\)\ \
P\
: o ¢
Allows non-destructive beam R <(\\ PbF,
profile measurements s ¢,\'\ T Calo
L P T
Q Reconstruct muon decay vertex. :" 4 Straws
* o
@ Assist in pileup determination. '}; 7
4
Allows Muon EDM Measurement ‘*IL-Q
Uu-v

planes\
EDM tilts oscillation plane

- Induces up-down asymmetry

in positron spectrum "’?
y : e
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New Ring Elements

New fast electrostatic kicker : cyclotron period

& Requirement: Produce a fast (<150 ns) =11 mrad kick.

Otherwise, muon bunch will hit the inflector up return.

@ Requirement: Can not perturb precision field.

E821 design produced insufficient kick

-200 -100 0 100 200 300 400 500 600 700

@ Result: Lost muons and large betatron oscillations. Time [ne]

creates a fast

square pulse using 3 Blumleins.

Curved kicker plates generate
larger field / pulse.
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Fermilab Muon Campus

Fermilab will produce pions using 8.9 GeV protons

impacting the former antiproton production target

Q@ Yield is 210 x/POT within 2% of Puagic = 3.094 GeV.

Pions travel through M2/M3 lines (900 m“decay pipe”) to
delivery ring (DR) and accumulating muons (n—p).

@ Nearly pure muon beam in DR (big improvement over E821).
MI Line
Target APSD
M2/3 Line

Delivery

AP0 Target

/MI-8 Line

After several turns in DR (to remove beam protons), muons are kicked into M5
beamline and into g-2 experimental hall.
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Fermilab will produce pions using 8.9 GeV protons

impacting the former antiproton production target

Q@ Yield is 210 x/POT within 2% of Puagic = 3.094 GeV.

Pions travel through M2/M3 lines (900 m“decay pipe”) to
delivery ring (DR) and accumulating muons (x—p).

@ Nearly pure muon beam in DR (big improvement over E821).

MC-1 Building
(new home of g-2)

-, N Bl Bl L T |
R e T AT
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Standard Model calculation 1s ok. We are just seeing new physics.
) g phy

a, = aQED 4+ CLEW 1+ aEad 4+ CLNP

o 12
aTGC WWp SUSY
W @ W @ ...... '::[L
/SN XN
Dark Photons

P
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Standard Model calculation 1s ok. We are just seeing new physics.
) g phy

__ _QED EW Had NP
a, = a,; +aM —I—au +aM

aTGC WWj SUSY g-2 can disentangle

allowed SUSY models

. ; 60 25
~ 501 SPs4 °%"? i
/ \ X . i
40| L
Dg8 20+
ol S‘PS1b - ) I
20 !P!1a I l
§P53 ® SPs@ 15
o 10— @ SPse  SPS8 ~ :
A o spss 5 |
Dark Photons 10
& 10 ] L
SPs i
@ -20 D§3 :
f‘\t\l\/\/\/’z sl D§' 5:
—40 - i
_50 DS6 07 | | | | e I I | |
S > 4 6 8 10 12 14 16
- tan g
G Y,

A precise g-2 measurement is very complimentary to a future LHC discovery.
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Understanding The Muon

There 1s a rich hlStOI‘y of muon g-faCtOl‘ Observations of the Failure of Conservation

. . ’ : of Parity and Charge Conjugation in
measurements starting in the 1950’s at Newvzs. Mesod Decava the Magnotlc

Moment of the Free Muon*

—_— 2 1 O W Ricnarp L. Garwin,t Leox M. LEDERMAN,
g,Ll' O AND Makrcer WEINRICH

Physics Department, Nevis Cyclotron Laboratories,
Colwmbia University, Irvinglon-on-Hudson,

@ Evidence that the muon is just a heavy electron. New York, New York

{Received January 15, 1957)

Phys. Rev. 105, 1415-1417 (1957)

The past 50 years have seen dramatic

improvements in precision and experimental techniques.

4

Brookhaven PAVZS (%) -+ Hadronic + Weak

a3

CERN Illl REYE (%) + Hadronic

cenn1 &
cen) [EZ S (%)

(o)
%
N
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Understanding The Muon

There 1s a rich hlStOl”y of muon g-faCtOl” Observations of the Failure of Conservation
measurements starting in the 1950’s at Newvzs. b o b e

Moment of the Free Muon*

—_— 2 1 O W Ricnarp L. Garwin,t Leox M. LEDERMAN,
gu O AND Marcer. WEINRICH

Phvsics Department, Nevis Cyclotron Laboratories,
Colwmbia University, Irvinglon-on-Hudson,

@ Evidence that the muon is just a heavy electron. New York, New Vork

{Received January 15, 1957)
Phys. Rev. 105, 1415-1417 (1957)

The past 50 years have seen dramatic

improvements in precision and experimental techniques.

Nevis
4 -4 T T T T
Brookhaven (%) '+ Hadronic + Weak - I'_'
CERN Ill LX) (%) + Hadronic g'-'!q\\ /( N]\ T
s A\ t
cenn 1t [ (<) TN .

Q 2 ff | | | | i |
CERN l 1962 (_) <60 <40 -20 o +.20 +.40 +.60
T AMPERES - PRECESSION FIELD CURRENT
_ a K
Nevis [ECCNNNNN - <«

(EETTETIT B R R TTTTY BTSRRI B ST RTITT BTSN TTIT BT . . .
OF R G — Muon spin rotation 1n
s N ™ ™ :

W magnetic field
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Understanding The Muon

There 1s a rich hiStOI‘y of muon g-faCtOl” Observations of the Failure of Conservation

. . ’ : of Parity and Charge Conjugation in
measurements starting in the 1950’s at Newvzs. Mesod Decava the Magnotlc

Moment of the Free Muon*

—_— 2 1 O W Ricnarp L. Garwin,t Leox M. LEDERMAN,
g,LL O AND MAarceEL WEINRICH

Physics Department, Nevis Cyclotron Laboratories,
Colwmbia University, Irvinglon-on-Hudson,

@ Evidence that the muon is just a heavy electron. New York, New Vork

(Received January 15, 1957)

Phys. Rev. 105, 1415-1417 (1957)

The past 50 years have seen dramatic

improvements in precision and experimental techniques.

4

Brookhaven pAteZ (%) '+ Hadronic + Weak X X X
CERN 1l REXE (“ -

7) + Hadronic
a3 X X
CERN Il RELE: (7) A m 2
2
o«
| s Muon in circular obits,

T R T AT T TR spin precession relative to
Q O N O 9 O 4
.~ O N O N \) &
ST cyclotron frequency.
A
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Understanding The Muon

There 1s a rich hiStOI‘y of muon g-faCtOl‘ Observations of the Failure of Conservation

. . ’ : of Parity and Charge Conjugation in
measurements starting in the 1950’s at Newvzs. Mesod Decava the Magnotlc

Moment of the Free Muon*

Ricnarp L. Garwin,t Leox M. LEDERMAN,
AND Marcer WEINRICH

Physics Department, Nevis Cyclotron Laboratories,
Colwmbia University, Irvinglon-on-Hudson,

@ Evidence that the muon is just a heavy electron. New York, New Vork

(Received January 15, 1957)

, Phys. Rev. 105, 1415-1417 (1957)
The past 50 years have seen dramatic

improvements in precision and experimental techniques.

X X X
4
3

CERN 11| REZE (%) + Hadronic

| AN AN A

(") Storage rmg w/ Vertlcal focusmg + tymg
vovs [EEMM = 2, to hyperfine splitting in muonium

LLLLLLW‘—I—I—LLLHLI—IJM'—I—LLHJ‘LI—L“MLI—I—M
Y S R Y T WO
N\ N S S N <
X Q O O
SR I
A

4 '\"‘-...,.___; ™ " \‘ = _2’
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Understanding The Muon

There 1s a rich hiStOI‘y of muon g-faCtOl‘ Observations of the Failure of Conservation

. . ’ : of Parity and Charge Conjugation in
measurements starting in the 1950’s at Newvzs. Mesod Decava the Magnotlc

Moment of the Free Muon*

—_— 2 1 O W Ricnarp L. Garwin,t Leox M. LEDERMAN,
g,Ll' O AND Makrcer WEINRICH

Physics Department, Nevis Cyclotron Laboratories,
Colwmbia University, Irvinglon-on-Hudson,

@ Evidence that the muon is just a heavy electron. New York, New York

{Received January 15, 1957)

, Phys. Rev. 105, 1415-1417 (1957)
The past 50 years have seen dramatic

improvements in precision and experimental techniques.

" CERN III1
4 ;
Brookhaven ( ) + Hadronic + Weak
= H
CERN 11| REZE (%) + Hadronic <

a\d
@R 1968 (?) Hadrons
a\?
e [EZE (-
. 43

Electrostatic focusing w/ “Magic

(o)
%
N

S momentum muons w/ Y = 29.3

Thomas Gadfort “Taking The Muon For a Spin”, 2014 Users Meeting 29



Understanding The Muon

There iS a I‘iCh hiStOI‘y Of muon g-faCtOl‘ Observations of the Failure of Conservation

. . ’ : of Parity and Charge Conjugation in
measurements starting in the 1950’s at Newvzs. Mesod Decava the Magnotlc

Moment of the Free Muon*

RicHArD L. GArwiIN,t LEox M. LEDERMAN,
AND Marcer WEINRICH

Physics Departmment, Nevis Cyclotron Laboratories,
Colwmbia University, Irvinglon-on-Hudson,

@ Evidence that the muon is just a heavy electron. New York, New Vork

(Received January 15, 1957)

Phys. Rev. 105, 1415-1417 (1957)

The past 50 years have seen dramatic

improvements in precision and experimental techniques.

4 X X
Brookhaven PAeL! (%) + Hadronic + Weak <€
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1. Source of Polarized Muons

(le,S-p~1)

Thomas Gadfort
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1. Source of Polarized Muons

(le,S-p~1)

2. Vertical Focusing

(1.e., trapped muons)

Using quad E field adds new term to

oscillation frequency
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1. Source of Polarized Muons

(le,S-p~1)

2. Vertical Focusing

(1.e., trapped muons)

Using quad E field adds new term to

oscillation frequency

. q B» 1 b X
Wg = —— |apB — [ ay — —5— 1

Ify = 29.3 (pu = 3.09 GeV/c) = Cancels new term

These are “Magic Momentum” muons
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1. Source of Polarized Muons

(le,S-p~1)

3. Measure Muon

Spin Precession

2. Vertical Focusing

(1.e., trapped muons)

Using quad E field adds new term to Weak decay correlates
oscillation frequency muon spin and electron
- | 5_, - momentum
- q > X
W = —— |a,B — (au - > w Se—
m vt 1 C o {\ N T
L - I\_., U p N S
Ify = 29.3 (pp = 3.09 GeV/c) = Cancels new term S &

These are “Magic Momentum” muons
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